The aim of the present study was to assess fluconazole pharmacokinetic measures in serum and cerebrospinal fluid (CSF); and the correlation of these measures with clinical outcomes of invasive fungal infections.
Introduction
Cryptococcus neoformans can cause significant morbidity and mortality in the immuno-compromised host, and invasion of the central nervous system (CNS) may lead to devastating consequences [1] . Fluconazole is a triazole antifungal agent that has a long half-life and excellent bioavailability, exhibits low serum protein binding and achieves high levels in multiple tissues, including the CNS [2] . This medication is excreted unchanged in the urine; the hepatic CYP2C9 enzyme plays a minor role [2] . Treatment of CNS infections is often difficult because the blood-brain barrier limits diffusion of the drug into the CNS; however, the ability of fluconazole to penetrate cerebrospinal fluid (CSF) increases during meningeal inflammation. Furthermore, tissue efflux pumps can reduce CNS drug accumulation [3] . To date, data regarding the relationship between the pharmacokinetics of fluconazole in serum and CSF, and in the correlation of these pharmacokinetic measures with clinical outcomes of invasive fungal infections in humans are limited [4] .
BAMSG 3-01 was a Phase II, multicentre, randomized clinical trial designed to investigate the safety and efficacy of a combination therapy of amphotericin B (AmB) plus fluconazole for the treatment of HIV-associated cryptococcal meningitis [5] . A secondary objective was to assess fluconazole pharmacokinetics and pharmacodynamics by (1) examining the relationship between serum and CSF concentrations in subjects receiving high-dose fluconazole, (2) identifying baseline characteristics influencing serum and CSF concentrations and (3) determining the relationship of serum and CSF drug concentrations with fluconazole dosing, efficacy measures and post-baseline characteristics of interest.
Materials and methods
Standard therapy consisted of AmB (0.7 mg/kg/day) for 14 days followed by 56 days of oral fluconazole (400 mg/day). The two combination therapy arms consisted of the same dosage of AmB combined with either once daily 400 or 800 mg of oral fluconazole beginning at baseline (AmB 1 Fluc400 and AmB 1 Fluc800, respectively). Randomization was stratified by baseline opening CSF pressure ( 250 vs. 4250 mm water CSF vs. 'not done') and country (United States vs. Thailand).
Serum and CSF samples were taken at baseline, day 14, during highly active antiretroviral treatment (HAART) initiation (serum only) and day 70 (end of treatment; serum only) from all 41 subjects receiving AmB 1 Fluc800 and the first 11 subjects receiving AmB 1 Fluc400 and the first 12 receiving AmB. Specifically, 64 subjects had a serum sample at baseline, 54 at day 14, 22 at HAART initiation and 30 at day 70, and 51 subjects had a CSF sample at baseline and 50 at day 14. All 64 subjects included in the analyses had a mortality outcome; however, three subjects did not have the day 14 primary outcome and 12 did not have a day 42 or day 70 primary outcome.
Serum was obtained at 24 h after dosing. Samples were analysed using gas-liquid chromatography [6] . The extraction recovery rate was approximately 85-90%, and the resulting assay was linear from 0.2 to 200 mg/L (lower limit of detection 5 0.2). Pooled spiked plasma controls were made, frozen at À 70 1C, and assayed during fluconazole analyses. Standard deviations, coefficients of variation (%CV) and AE 2 SD were calculated to determine acceptable quality control limits for each control level. For this study, interday (%CVs) for low, medium and high (2.0, 12.5 and 30 mg/mL) controls were 7.51%, 7.47% and 7.64%, respectively; intraday %CVs were 3.29%, 2.59% and 3.24%, respectively. The proficiency testing was achieved using an approved internal proficiency programme. Area under the curve from start of study to last assessment (AUC 0-last ) was calculated for the fluconazole serum concentration using actual assessment dates and the linear trapezoidal rule. As the length of follow-up time varied across subjects, the weighted mean AUC 0-last was calculated as the AUC normalized by actual days of follow-up (AUC Serum ). As there were few serum samples per subject ( $ 4), this measure was considered an approximation of mean daily concentration.
Analyses included all subjects receiving at least one dose of study therapy with at least one post-baseline CSF or serum sample. Because BAMSG 3-01 was not powered to formally assess fluconazole concentration, P-values presented are descriptive and do not represent formal hypothesis tests and no adjustments were made for multiple testing. The following pharmacokinetic measures were summarized by treatment arm: day 14 serum (C Serum14 ) and CSF concentration (C CSF14 ), day 70 serum concentration (C Serum70 ) and AUC Serum . To examine the relationship between C Serum14 and C CSF14 , Pearson's correlation coefficient was calculated. To identify baseline characteristics impacting concentration, linear regression models adjusting for dose received (through to day 14 for C Serum14 and C CSF14 and through to day 70 for C Serum70 and AUC Serum ) using each natural log-transformed pharmacokinetic measure as the outcome were created for each characteristic. For each pharmacokinetic measure, any characteristics with a P-value 0.20 for this univariate association with the pharmacokinetic measure were included in a multivariable model (final model obtained using backwards selection; characteristics retained in final model if a P-value 0.10). Baseline characteristics included: country, age, body mass index (BMI), weight, serum creatinine, creatinine clearance (CrCl), estimated glomerular filtration rate (eGFR), HAART status, CSF opening pressure, CSF white blood cell (WBC) count, CSF protein, CSF cryptococcal antigen titre, viral load and CD4 T-cell count. Linear regression models were also used to assess the relationship of each natural log-transformed pharmacokinetic measure and dose received and the impact of concentration on post-baseline characteristics of interest (serum creatinine, CrCl, eGFR, HAART status, CSF opening pressure, CSF WBC count, CSF protein and CSF cryptococcal antigen titre). Logistic regression models were used to assess the association between each clinical endpoint [day 70 mortality status and day 14, day 42 and day 70 study composite endpoint statuses (success defined as culture-negative, alive and neurologically stable)] and the natural log-transformed pharmacokinetic measures. This clinical trial is registered in the National Library of Medicine's registry (www.clinicaltrials.gov) under the registration number NCT00145249. Table 1 summarizes fluconazole pharmacokinetic parameters by treatment arm and Table 2 displays the association between pharmacokinetic parameters and subject characteristics. Numerically, the geometric mean C Serum14 for AmB 1 Fluc800 was greater than AmB 1 Fluc400. The same trend was seen for C Serum70 and C CSF14 . Additionally, C Serum14 and C CSF14 were highly correlated with AmB 1 Fluc800 (Po0.001, r 5 0.873) and AmB 1 Fluc400 (P 5 0.005, r 5 0.943). Decreased eGFR, decreased viral load and no HAART at baseline were associated with increased pharmacokinetic concentration. In the model for AUC Serum , there was a significant interaction between fluconazole dose and eGFR; as the dose received increased, the impact of eGFR decreased. With respect to postbaseline characteristics, high pharmacokinetic concentration was associated with low CSF WBC count and decreased renal function.
Results
There was a strong relationship between dose received and C Serum14, C CSF14 and AUC Serum (Po0.001); but a weaker relationship between dose received and C Serum70 (P 5 0.126). Increased AUC Serum appeared to be associated with decreased mortality at day 70 as well as with the increased study composite endpoint success at days 42 and 70 (Fig. 1) . Numerically, a similar trend was seen between the other pharmacokinetic measures and mortality at day 70 and the study composite endpoint at days 42 and 70. However, the trend was not seen at day 14. Based on linear regression models with the outcome of the natural logtransformed PK measure. CSF WBC, cerebrospinal fluid white blood cell; CrCl, creatinine clearance; eGFR, estimated glomerular filtration rate; HAART, highly active antiretroviral therapy
Discussion
To date, clinical trials attempting to predict adequate antifungal CNS pharmacokinetics for the treatment of CNS fungal infections have been limited [3] . BAMSG 3-01 demonstrated that fluconazole concentrations in the brain closely paralleled serum levels. The median percentage of CSF compared with serum fluconazole concentrations for the AmB 1 Fluc800 and AmB 1 Fluc400 arms were 93.7% and 94.6%, respectively, after 14 days of antifungal treatment. These concentration ratios are consistent with previous results [3, 7] but are higher than 70%, which is achieved in the absence of meningeal inflammation [8] . Furthermore, C Serum14 and C CSF14 were found to be highly correlated. Therefore, we can surmise that the steady state of metabolism in both serum and CSF had been achieved. The increased serum concentration in patients receiving fluconazole 800 mg/day compared with those receiving a standard dose of fluconazole over time may be explained by the elimination half-life of fluconazole after zero order kinetics and only 10% of elimination because of the metabolism [9] . Fluconazole renal clearance has been found to be positively correlated with eGFR [9] . In the model for AUC Serum , decreased baseline eGFR was associated with high AUC Serum ; however, the impact of baseline eGFR decreased as the dose received increased, suggesting that non-renal elimination pathways may become increasingly important as the fluconazole dose increases. The other subject characteristics, including age and BMI, were not associated with pharmacokinetic parameters (data not shown). Major factors affecting fluconazole pharmacokinetics identified previously included renal insufficiency, ageing and drug-drug interactions from concurrent medication use [2, 9] . Of note, increased pharmacokinetic concentration was associated with decreased day 14 CSF WBC count in BAMSG 3-01. Normally, the CSF WBC count increases as a result of inflammation of the CNS and disruption of the bloodbrain barrier. The CSF profiles of HIV-and non-HIVinfected patients are similar for conventional bacterial meningitis, but not cryptococcal meningitis. HIV-infected patients with cryptococcal meningitis are more likely to have a low CSF WBC count and are more likely to have a positive CSF culture [1] .
During the course of therapy, risk factors for death or poor clinical outcome for cryptococcal meningitis that have been identified previously included abnormal mental status, high CSF cryptococcal antigen titre, low CSF WBC count, disseminated cryptococcal infection, CSF fungal burden in the CSF and lack of flucytosine treatment [10, 11] . While this study was not designed to formally assess the association between pharmacokinetic concentration and cryptococcal meningitis outcome, the findings revealed a tendency of association between high levels of fluconazole and favourable outcomes at days 42 and 70. These findings further support the potential benefits of high-dose fluconazole in the treatment of cryptococcal meningitis that were observed in the study's primary analyses. To the best of our knowledge, this is the first clinical trial that has shown a relationship between pharmacokinetic measures and clinical outcome for antifungal treatment of a CNS fungal infection. However, the strongest relationship was between each outcome and AUC Serum . Because the calculation of AUC Serum includes fluconazole concentration at day 70, monitoring AUC Serum as a predictor for outcome at day 42 or 70 would not be reasonable. A larger study would be required to assess the benefits of prospectively monitoring early period fluconazole concentration as a predictor for outcome.
The target fluconazole concentration in serum and CSF for treatment of cryptococcal infection has not been defined so far. Based upon Clinical and Laboratory Standard Institute (CLSI) methodology for the treatment of candidal infections, an AUC:minimum inhibitory concentration (MIC) of at least 25 is required [12] . Therefore, any future studies should focus on developing interpretive breakpoints requiring integration of the MIC distribution, pharmacokinetic and pharmacodynamic measures, and the relationship between in vitro activity and results from both in vivo and clinical trials.
BAMSG 3-01 provides promising pharmacokinetic data of fluconazole in terms of combined therapy of high-dose fluconazole (800 mg/day) with AmB with regards to the relationship of CNS and serum fluconazole concentration with clinical outcomes. Although AmB plus flucytosine is a preferred regimen in some countries, flucytosine is not available in many countries, especially in resourceconstrained countries, that have HIV-related cryptococcal meningitis epidemics. Thus, our results apply and are beneficial to these particular countries and support a change in the early therapeutic approach to cryptococcal meningitis management in HIV-infected patients.
